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Abstract—Selective strengthening of the vastus medialis
(VM) muscleis a conservative treatment used to address some
patellofemoral joint (PFJ) problems. The objective of this
study was to examine the effects of varying VM strength on
PFJ kinematics and contact pressures and areas. We tested five
fresh-frozen cadaveric knees using a custom knee jig, which
permits the simulation of physiologic quadriceps loading while
also alowing the VM force to be varied. PFJ kinematics were
measured with a magnetic tracking device. PFJ contact pres-
sures and areas were measured with Fuji pressure-sensitive
film. For PFJ kinematics, the change in the medial-lateral and
superior-inferior translation was significant at 0% of VM
strength and 150% of VM strength with respect to the 100% of
VM strength condition (p < 0.05). Extreme changes in the VM
force had a statistically significant effect on patellofemoral
contact pressures (0% of VM strength (19 + 10%) and 150% of
VM strength (17 + 3%) with respect to 100% of VM strength
condition (p < 0.05)). No statistically significant differences
were shown in the patellofemoral contact areas (p > 0.05). The
functional range of VM strength is between 75% and 125% of
total VM strength. The PFJ kinematics and contact pressures
were not significantly influenced by VM strength except at
extreme conditions (0% of VM strength or 150% of VM
strength) in human cadaveric knees.
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INTRODUCTION

The patellais an essential component of the knee. Its
most important function is to extend the knee by increas-
ing the distance of the extensor apparatus from the axis of
flexion and extension of the knee. Other functions of the
patella include controlling the capsular tension in the
knee and protecting the cartilage of the trochlea as well
as the condyles.

Proper alignment and restoration of the kinematic
variables in the patellofemoral mechanism are essential
for adequate functioning and longevity of this joint. As
the knee flexes, the retropatellar contact moves from the
inferior surface to the superior surface [1]. This move-
ment of the retropatellar contact produces noncentral
loading of the patellain awide range of functional activi-
ties. The maximum loads on the retropatellar surface
essentially cover the entire articul ar surface during normal
daily activities [1]. However, abnormal patellofemoral
kinematics will cause eccentricity of the retropatellar sur-
face to increase, resulting in patellofemoral joint (PFJ)
pathology [1-4].

The pathophysiology of patellofemoral pain is poorly
understood [5,6]. One etiology for anterior knee pain is
quadriceps atrophy and/or weakness, particularly the
vastus medialis (VM), which leads to an imbalance and
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maltracking of the patella, resulting in knee pain and/or
instability [7-10]. The line of pull of the quadriceps is
relatively valgus with respect to the joint line of the knee
[11,12]. This tends to favor lateral deviation, even if the
anatomy is completely norma [10]. The VM has an
important role as a medial stabilizer of the patella and
aids in the normal functioning of the PFJ [8,13,14]. The
VM is phylogeneticaly the weskest of the quadriceps
group and appears to be the first muscle to atrophy and
the last to rehabilitate [10,15,16]. Quadriceps strengthen-
ing exercises, emphasizing the VM, have been suggested
as the primary initial management of patellofemora dis-
orders [6,17-23]. This treatment, however, has yielded
inconsistent results clinically.

Researchers have studied the mechanism of the PFJ
extensively in the past by determining quadriceps force
with respect to various physiologica activities [24—26].
The earlier approaches to determine various forces on
the PFJ assumed that the patella mechanism was a fric-
tionless pulley system, and the forces were then calcu-
lated from indirect measurements [26,27]. This
assumption was unrealistic for the patella force system,
since the ratio between PFJ reaction force and the quad-
riceps tension vary in a complex manner with respect to
the knee flexion angle [1,25,28,29]. Ahmed et al. in
1987 performed an extensive analysis of the PFJ reaction
force and the tension in the ligamentum patellae as a
function of the predetermined quadriceps force and the
geometry of the patellar system [1]. Earlier, in 1984,
Huberti and Hayes studied patellofemoral contact pres-
sures in human cadaveric knees by using Fuji pressure-
sensitive film for intra-articular contact pressures [2].
These authors found that in normal human joints, despite
their complex surface geometry and loading mechanism,
the patellofemora contact pressures were remarkably
uniform over a wide range of motion. In addition, devia-
tions from the normal quadriceps angle (Q angle) were
associated with increased peak patellofemoral pressures
and unpredictable patterns of cartilage unloading. In
1988, Huberti and Hayes again used Fuji pressure-sensi-
tive film to show the relationship of the maximum patel-
lofemoral contact pressures with respect to knee flexion
angle and tibia rotation [3]. Garg and Walker in 1990
reported on the geometry and knee motion using human
cadaver knees and developed an algorithm for patellar
motion [30]. Heegaard et al. reported on the contribution
of geometry and soft tissue structures on patellar stabil-
ity [31]. These authors reported that the guiding role of

the femoral groove prevailed over soft tissue structures
in patellar stability.

In cadaver studies, Ahmed et al. in 1983 showed that
the removal of the vastus medialis obliquus (VMO) ten-
sion shifted the pressure zone from the center to the lat-
eral facet of the patella[28]. Similarly, Goh et al. in 1995
reported that the absence of VMO caused the patella to
displace laterally and increased the load on the lateral
patellar facet throughout the range of knee motion [32].
However, these authors used wires to simulate the five
muscle bellies of the quadriceps and determined the ratio
of their tensions from the anatomical cross-sectional area
of the muscles.

The objective of this study was to examine the effects
of VM strength variation on the patellofemoral contact
areas and pressures as well as the patellar translations at
knee flexion angles of 0°, 30°, 60°, and 90° in human
cadaver knees. For this to be accomplished, anatomically
based muscle loading direction described by Powerset al.
[33] and the simulated muscle force ratio based on
physiological muscle cross-sectional area reported
by Wickiewicz et a. [34] were used with a custom PFJ
testing jig.

MATERIAL AND METHODS

Specimen Dissection and Clamping

Five fresh-frozen, unmatched cadaveric knees were
used in this study. We examined all knees before testing
both macroscopically and radiographically to eliminate
specimens with any prior trauma, surgery, and/or arthro-
sis. The cadaver specimens ranged from 60 to 80 years of
age. The tibia and femur were cut to approximately
20 cm long for mounting. We removed skin and subcuta-
neous fat while carefully preserving the joint capsule and
the surrounding retinaculum. All musculature was dis-
sected and removed from the tibiaas well as the posterior
femur. We then cut the fibula near the level of its articu-
lation with the tibia preserving the insertion of the lateral
collateral ligament by fixing the fibula to the tibiawith a
3.5- x 24-mm cortical screw.

We separated the individual components of the
extensor mechanism, the VM, vastus lateralis (VL),
vastus intermedius (V1), and rectus femoris (RF) from
each other using the fascial planes between the muscles
as a guide. The iliotibial band (ITB) was also isolated.
The vasti were then reflected from their posterior origin
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(linea aspera). Once we reflected the quadriceps anteri-
orly from the femur, we opened the suprapatellar pouch
to access the PFJ for the intra-articular measurement of
contact pressures and areas. For all structures, insertions
into the patella, patellar tendon, and peripatellar retinacu-
lum were carefully preserved. We then trimmed the indi-
vidual muscles to accommodate the width of the clamps
used for applying the smulated muscle forces. Extreme
care was practiced to clamp the portion of the muscle that
represented the resultant force direction of al muscle
fibers. For the VM and VL, this was the distal portion of
the muscle as it inserted into the patellar tendon and reti-
naculum. The VI was symmetrically trimmed to simulate
aresultant force vector along the distal axis of the femur.
The muscle clamps used in this study were made of stain-
less steel and were 8.0 cm x 3.0 cm x 0.8 cm. The clamp
for the | TB was 6.0 cm x 2.5 cm x 0.8 cm.

We used a clamp, cable, and pulley system to apply
loads to the individua muscles. The tendons were
clamped to ensure even loading of all muscle fibers.
Before clamping, we wrapped the muscles in saine
moistened gauze to prevent drying during testing and to
evenly distribute the force of the clamp through the tis-
sue. The muscles were clamped as close to their respec-
tive tendinous insertions as possible, so tendinous fibers
could be incorporated within the clamp. The VI and RF
were clamped together, since the direction of the result-
ant force vectors of these muscles, with respect to the
patella, is similar. All the clamping was performed such
that the muscle fibers were perpendicular to the clamp.
This further ensured even loading of the muscle fibers.

Specimen Mounting

We positioned and secured both the tibia and femur
inside steel cylinders using diaphyseal bolts and
threaded locking pins. Each was centered within the cyl-
inders such that the long axis of the cylinders repre-
sented the long axis of the bones in the sagittal plane.
We did this by using a custom external guide for the
femur and an intramedullary guide for the tibia specifi-
cally developed for the PFJ testing jig used in this study.
In addition, the femur was positioned within the proxi-
mal cylinder so that the cadaveric Q angle in the frontal
plane was maintained. In this study, we defined and
determined the cadaveric Q angle as the angle formed by
the proximal tibial axis and the distal femur axis in the
frontal plane with no externa loads applied to the knee.
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This angle was measured with a standard goniometer
with a precision of 0.5°.

We then mounted the knees in a custom knee jig
machined out of aluminum to decrease spurious magnetic
field interference. All additiona hardware, such as
screws, clamps, nuts, and bolts, was made from either
stainless steel, aluminum, or plastic. The femur and tibia
were positioned and fixed in their respective cylindersin
its anatomic axia alignment with diaphysea bolts and
fixation screws. Then we mounted the knee joint to the
custom PFJ testing jig. This custom knee jig provides
5° of freedom at the femur (3° translational, 2° rota
tional), and 3° of freedom at the tibia (3° rotational). This
apparatus was fixed to a material testing machine frame
(model 1122, Instron Corporation, Canton, MA), which
was used to flex and extend the knee (Figure 1). A dlot-
ted aluminum plate (56 cm x 61 cm) attached to the back
of the knee jig was used to mount and position the pul-
leys in an anatomic orientation of the muscle fibers.
These pulleys were adjustable over a large area so that
the direction of force for each muscle could be accurately
simulated regardless of specimen size.

Experimental Procedure

The neutral position for each individual intact speci-
men under static conditions was first determined as
described in our previous studies [35,36]. This neutral
anatomic position of the patellain the PFJwas defined for
each specimen as the position that exhibited the least ten-
sion on the quadriceps tendon. This was also used as the
loading direction of the RF/VI. The determination of this
position is essential for accurately assessing contact areas
and pressures for each individual specimen. For loading
of the individual muscles, anatomically based multiplane
loading of the quadriceps mechanism and ITB was used
(VL 98 N, VI/RF 111 N, ITB 27 N, VM 67 N) [33,37].
These loads are subphysiologic maximum, but the distri-
bution of forces was scaled based on the physiological
muscl e cross-sectional area reported by Wickiewicz et a.
[34]. The force on the VM for the varying conditions was
0 percent: no load, 50 percent: 33.5 N, 75 percent: 50.3 N,
100 percent: 67 N, 125 percent: 84 N, and 150 percent:
100.5 N. An additional 27 N, based on the cross-sectional
area of the tensor fascia lata, was loaded onto the ITB.
This load was based on the physiological cross-sectional
area of the tensor fascia lata. For muscle loading direc-
tions, we adjusted each pulley so that the force applica-
tion represented the primary fiber direction and
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Figurel.
PFJtesting jig.

orientation. We determined the muscle loading directions
by measuring the muscle fiber insertion angle to the
patella before the dissection. This technique was used in
previous studies performed in our laboratory [33,37]. The
fiber orientation of the quadriceps musculature with
respect to the distal axis of the femur was similar to that
of the values reported by Lieb and Perry and asin our pre-
vious studies[33,37,38]. The experiment consisted of two
parts. the measurement of patellofemoral contact pres-
sures and areas and the measurement of changes in the
position of the patellain reference to the center of the epi-
condylar axis of the femur for varying simulated VM
force changes. We collected the data at knee flexion

angles of 0°, 30°, 60°, and 90°. In each condition, all the
muscles were loaded simultaneously.

PFJ Contact Area and Pressure M easurements

We measured the contact area and pressure using
prescale (super-low) pressure-sensitive film (Fuji Photo
Film Company, Tokyo, Japan) with a pressure range of
0.33 MPato 2.94 MPa. Strips of film (4.0 cm x 5.0 cm)
were placed in a polyethylene envelope and positioned
within the joint through the suprapatellar pouch [33,
35-37]. The placement of the Fuji film in a polyethyl-
ene envelope was necessary for usein afully lubricated
joint. The total thickness of the Fuji film in the polyeth-
ylene envelope was 250 pum, and this has been shown to
have a negligible effect on the measurement of contact
pressures and areas in the diarthroidal joint [39]. We
obtained all measurements twice to ensure repeatability.
In addition, filmswith any evidence of crinkling artifact
were discarded and the measurement was repeated.

We scanned and analyzed the exposed film images
on a Hewlett Packard (Boise, ID) Scan Jet llc Color
Scanner using the Nationa Institutes of Health
(Bethesda, MD) Image Version 1.62 program and the
calibrated scale from the manufacturer. This program
converted the Fuji film image into a scaled image with
256 levels of gray, which we used to determine the con-
tact pressures and areas. The scanned images were ana-
lyzed for total contact area (mm2), peak contact pressure
(MPa), and mean pressure (MPa). The peak pressure was
defined as the average contact pressure of 5 percent of
the total contact area with the highest contact pressure.
The mean contact pressure was defined as the average
contact pressure of the total contact area. Preliminary
studies performed in our laboratory revealed the accuracy
of the color scanner to be within 0.5 percent for area and
pressure measurements [33,37]. The accuracy of Fuji
film for absolute pressure measurement has been
reported to be within 10 percent [40]. This absolute mag-
nitude accuracy of the contact pressure measurements is
the inherent limitation of the film, but in a comparative
study such as in this study, the repeatability and reliabil-
ity of the film are sufficient. Generally, the contact pres-
sure measurement is underestimated.

Patellofemoral Joint Kinematic M easurements

A method for one to measure and analyze three-
dimensiona (3-D) kinematic data for the PFJ using asys-
tem of magnetic tracking devices (Ascension Technology,



433

Berlington, VT) was developed in our laboratory [41].
The benefit of this system isthat we can monitor any arbi-
trary point in space, even a point in the interior of the
bone itsdlf, without the use of implanted markers by iden-
tifying external landmarks and correctly placing the mag-
netic receivers. This makes the process of tracking bone
movements a relatively easy task once the tracking
devices have been aligned and attached along the ana-
tomic axes of the patellaand the femur. The three tranda-
tional motions are defined by a Cartesian coordinate
system relative to the femur and the three rotational
motions are described by Eulerian angles.

This magnetic tracking system consists of two track-
ing devices, which are called Birds, and their respective
computer interface boxes, plus one magnetic field trans-
mitter. The system is controlled by an IBM compatible
personal computer (PC) with a Pentium microprocessor
running Windows 95 operating system. Additional soft-
ware used was Visual Basic 3.0 (Microsoft, Redmond,
WA). We developed a custom application using Visual
Basic, which implemented the necessary agorithms to
track the movement of the patella and the femur in 3-D
space. The system uses the anatomic femur axis and the
epicondylar axis as the reference frame. Through the use
of Eulerian angles and intersecting planes formed by the
patella plane and femur axis, the kinematic relations of
the PFJ can be measured without complicated setups,
postdata processing, or explicit reference to an external
reference frame, thus minimizing coordinate transforma-
tions and other complicated calculations. The Birds
return measurementsin 3-D space referenced to the inter-
nal reference frame as defined by the epicondylar and
femoral axes.

After we mounted the knee onto the PFJ testing jig,
the magnetic tracking device “Flock of Birds’ was rig-
idly attached to the knee by stainless steel Steinmann
pins and a Plexiglas holder. We inserted the Steinmann
pin along the epicondylar axis of the femur using a cus-
tom drill guide specificaly built for identification and
drilling of the epicondylar axis. The “Bird” was then
fixed to the Plexiglas holder with two Teflon screws. We
were careful to ensure proper alignment of the receiver’s
coordinate axis with the femoral axis and the epicondy-
lar axis. The patella “Bird” was aligned and mounted
along the anatomic axis of the patella. To do this, we
carefully inserted a stainless steel Steinmann pin into the
patella so as not to traverse the full thickness of the
patella. For PFJ kinematic measurements, two receivers
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were used to establish Cartesian coordinate systems
applied to the patellaand distal femur (Figure 2(a)). The
first receiver was fixed to the center of the anterior sur-
face of the patella via a 1.5-mm stainless steel Stein-
mann pin into the bony cortex. The second receiver was
secured to a 1.5-mm stainless steel Steinmann pin,
which was placed along the epicondylar axis of the
femur. The system software allowed 3-D measurement
of the two receivers position relative to a global coordi-
nate system projected by the magnetic transmitter.

Verification of Magnetic Tracking Device
Performance with PFJ Testing Jig

We first determined the volume of space needed for
the magnetic tracking sensors with the specimen
mounted on to the PFJtesting jig (Figure 2(b)). Thisvol-
ume of space, which is spherica in shape and approxi-
mately 20 cm in diameter near the patella and the distal
femur, is where the magnetic tracking sensors function to
measure the PFJ kinematics. We then determined the
accuracy and repeatability of the system in the testing
environment by comparing the magnetic tracking device
measurement to the Instron machine (Instron Company,
Canton, MA, USA) output for the linear displacement
(¥0.001 mm) and a digital level (Pro Smart Leve,
Wedge Innovations, San Jose, CA, USA) (x0.1°) for the
angular displacement. The accuracy in translation was
within 0.34 mm, and the accuracy in rotation was within
0.5° for the volume of space where the magnetic tracking
sensors function to measure the PFJ kinematics.

Satistical Analysis

We performed statistical analysis using analysis of
variance (ANOVA). This analysis was repeated for each
of the parameters, including knee flexion angle and VM
strength. The level of significance was set at p = 0.05.

RESULTS

The total contact pressures and areas for the simulated
varying VM conditions in human cadaveric knees are
shown in the Table. For patellofemora contact pressures,
an increase of 50 percent or a decrease of 100 percent in
VM drength (150 percent VM and 0 percent VM condi-
tion, respectively) resulted in a datistically significant
increase in pressure when al knee flexion angles were
grouped together (p < 0.05) (Figure 3). With the 5 percent
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(a) i

] Epicondylar Axis

Figure 2.

(a) Arrows show placement of stainless steel pins to measure patellar translations. (b) Magnetic tracking sensors mounted onto cadaveric knee.

peak patellofemoral contact pressures, statistical signifi-
cance was shown only when the VM strength was
decreased by 100 percent (O percent VM condition) and
the knee flexion angles were grouped together (Figure 4).
There was no statistically significant differences shown in
the patellofemoral contact areas (p > 0.08). The patellar

Table.

medial to lateral trandation showed significance at O per-
cent VM for 0°, 30°, 60°, and 90° of knee flexion (p <
0.05). In addition, a statistical significance was shown at
50 percent VM and also a 150 percent VM for 30° and
60° of knee flexion (p < 0.05) (Figure 5). The anterior to
posterior trandation across al knee flexion angles, showed

Total PFJ contact pressures and areas for smulated VM strength conditions.

Total Contact Pressure (MPa)

KFA 0% VM 50% VM 75% VM 100% VM 125% VM 150% VM
0 2.23+0.42 187+ 0.67 172+ 047 159+ 0.40 1.63 + 0.52 1.76 £ 0.65
30 1.01+£0.37 0.91+0.33 0.97 £ 0.39 1.07+£0.48 1.26 + 0.63 140+ 0.70
60 0.80+0.22 0.74+£0.13 0.76 £ 0.17 0.83+0.27 0.87+£0.32 0.93+0.27
90 0.83+0.19 0.73+0.14 0.76 £0.14 0.70+0.12 0.73+£0.11 0.83+0.13

Total Contact Area (mm?)

KFA 0% VM 50% VM 75% VM 100% VM 125% VM 150% VM
0 100.9+27.4 101.8 + 36.7 904324 86.1+24.2 102.4 + 26.9 103.3+21.3
30 229.1+57.3 282.2 + 68.4 276.9 £ 55.6 288.3+61.4 290.2 £ 60.2 308.9+75.4
60 259.1+52.2 2429+ 30.5 267.6 £ 32.1 281.8+ 30.5 296.9+ 279 289.3+41.0
90 249.30 + 23.2 250.0+ 36.9 260.4 £ 42.8 265.1+22.2 295.0+28.1 269.8 £ 37.0

KFA = knee flexion angle
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Mean PFJ contact pressures with respect to VM strength variation.
* indicates statistically significant difference compared to 100%
VM.

no statistical significance with respect to VM strength
variation (p > 0.05). The superior to inferior translation
showed significance at 0 percent VM for 0°, 60° of knee
flexion. In addition, a statistical significance was shown
for 50 percent VM and 150 percent VM for 30° of knee
flexion (p > 0.05). There was no significance in superior to
inferior trandation at 90° of knee flexion (Figure 6).

DISCUSSION

The findings from this human cadaveric study sug-
gest that the isolated changes in VM strength in knees

Percent Change
g

[ .
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Figure 4.

Peak PFJ contact pressures with respect to VM strength variation.
* indicates statistically significant difference compared to 100%
VM.
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Figure5.

Medial patellar translation with respect to VM strength variation.
* indicates statistically significant difference compared to 100%
VM.

with loaded quadriceps may not significantly influence
PFJ kinematics and PFJ contact pressures and areas.
Patellofemoral contact pressures were significantly dif-
ferent from that with full VM force (100 percent VM)
only when all the force was removed from the VM or if
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Figure6.

Inferior patellar translation with respect to VM strength variation.
* indicates statistically significant difference compared to 100%
VM.
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it was increased by 50 percent. Alteration in peak patel-
lofemoral contact pressures also required complete
removal of the VM force. Change in the kinematic data
was heavily influenced by knee flexion angle. For
example, with all force removed from the VM, the ante-
rior to posterior translation was not different at 0° or
90°, but was at 30° and 60° of knee flexion. Overall, at
least a 50 percent increase or decrease in VM force was
required to demonstrate any change in patellar kinemat-
ics in the medial-lateral and superior-inferior direction.

Although the position of the VM relative to other
portions of the quadriceps seems advantageous for cen-
tering the patella, it remains controversial if selective
strengthening of the VM is possible in vivo. Performing
resisted hip adduction exercises, Hanten and Schulthies
demonstrated selective VM activation, but its relevance
to quadriceps muscle strengthening remains unknown
[13]. An electromyographic study is complicated by low
activity in both the VM and the VL during the last 30° of
knee extension, when subluxation commonly occurs
[42]. Mirzabeigi and coworkers studied the effects of hip
rotation on selective VM and VL effort [6]. All four por-
tions of the quadriceps muscle had electromyographic
activity with isometric knee extension in neutral hip
alignment. Yet, neither internal nor external rotation pro-
duced selective increase in effort of the VM relative to
the VL. Results were similar for isokinetic exercises.
Other investigators also failed to show selective increase
in the VM effort and in fact demonstrated more activity
in the VL, even at termina knee extension [43,44].
Although selective endurance rehabilitation may be pos-
sible because of greater VM training effects relative to
the VL, neither could be selectively activated with quad-
riceps muscle strengthening even when fatigued [45,46].
This study suggests that small decreases in the VM
strength relative to the other portions of the quadriceps
are unlikely to yield patellofemoral problems. Only VM
rupture or complete paralysis would decrease the VM
force comparable to all the force being removed from the
VM. Both of these would require surgical intervention
rather than rehabilitation. A prior study supported these
findings. Lieb and Perry found that only a small force of
10 pounds on the VM was required to put the patella back
into its neutral position in knee extension after 55 pounds
of VL force had caused lateral patellar subluxation [38].
This suggests that even with the VL force imbalance of
45 pounds, the patella was maintaining its neutral
position.

While cadaveric models have been effective for
studying simulated muscle weakness, such models fail to
recreate the synergy of joint stabilizing systems that are
present in vivo. Joint proprioception contributes to stabil-
ity, mediated by joint mechanoreceptors by initiating and
coordinating muscle activity [47-49]. Cadaveric models
also simplify complex muscle behavior as a single line of
action from the centroid of the muscle to the tendon
insertion [33]. In this study, the muscle forces were rela
tively low and the joint was loaded anatomically but stat-
icaly. While this permitted accurate comparison of the
loading conditions, it may be limited in demonstrating
the effects of the knee muscle activities in PFJ
stabilization.

Rehabilitation that included selective strengthening
of the VM portion of the quadriceps muscle has been
shown to be an effective treatment option for patellofem-
oral pain [50]. Treatment included iliotibial band stretch-
ing and patellar mobilizations that focused on stretching
the lateral retinaculum. It may have been these latter
treatments or strengthening of the quadriceps muscle as a
whole that was responsible for the decrease in symptoms.
Therefore, a clinical study addressing the issue of iso-
lated VM strengthening and the PFJ is warranted.

CONCLUSION

In human cadaveric knees, the isolated changes in
VM strength in knees with loaded quadriceps may not
significantly influence PFJ kinematics and PFJ contact
pressures and areas. Therefore, a clinical study address-
ing the issue of isolated VM strengthening and the PFJis
warranted.
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